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Rationale: In athletes, airway inflammatory cells were found to be
increased in induced sputum or bronchial biopsies. Most data were
obtained after exposure to cold anddry air at rest or during exercise.
Whether training affects epithelial and inflammatory cells in small
airways is unknown.
Objectives: To test whether endurance training under standard envi-
ronmental conditions causes epithelial damage and inflammation
in the small airways of mice.
Methods and Measurements: Formalin-fixed, paraffin-embedded
lung sections were obtained in sedentary (n  14) and endurance-
trained (n  16) Swiss mice at baseline and after 15, 30, and 45
days of training. The following variableswere assessed (morphome-
try and immunohistochemistry) in small airways (basement mem-
brane length  1 mm): (1 ) integrity, proliferation, and apoptosis
of bronchiolar epithelium; and (2 ) infiltration, activation, and apo-
ptosis of inflammatory cells.
Main Results: Compared with sedentary mice, bronchiolar epithe-
liumof trainedmice showedprogressive loss of ciliated cells, slightly
increased thickness, unchanged goblet cell number and appear-
ance, and increased apoptosis and proliferation (proliferating cell
nuclear antigen) (p  0.001 for all variables). Leukocytes (CD45
cells) infiltrated airway walls (p  0.0001) and accumulated within
the lumen (p  0.001); however, apoptosis of CD45 cells did not
differ between trained and sedentarymice. Nuclear factor-B trans-
location and inhibitor-alpha of NF-B (IB) phosphorylation were
not increased in trained compared with sedentary mice.
Conclusions: Bronchiolar epithelium showed damage and repair as-
sociated with endurance training. Training increased inflammatory
cells in small airways, but inflammatory activation was not in-
creased. These changes may represent an adaptive response to
increased ventilation during exercise.
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Large airways of athletes exercising in a cold (1–6) or moderate
(7–9) environment show evidence of inﬂammation. In cross-
country skiers, lymphocytes were increased in bronchoalveolar
lavage ﬂuid (1), and bronchial biopsies showed inﬂammation
and airway remodeling (3), suggesting chronic airway disease
(“ski asthma”) (1–5). Sled dogs showed airway damage after
intense and prolonged exercise in an extremely cold and dry
environment (6). In nonasthmatic runners exercising undermod-
erate environmental conditions, neutrophil counts in induced
sputum were increased at rest and after a marathon race (7).
Similarly, swimmers and rowers showed predominance of neu-
trophils in induced sputum at rest and after exercise (8, 9).
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject
Studies in endurance athletes of winter and summer sports
documented increased inﬂammatory cells in large airways.
However, whether training affects the small airways is un-
known.
What This Study Adds to the Field
Endurance training in mice causes epithelial damage and
repair but does not appear to be a powerful proinﬂamma-
tory stimulus.
Airway inﬂammation in trained subjects shows somepeculiar-
ities, and its signiﬁcance andmechanisms are under debate. First,
airway inﬂammation was not always associated with bronchial
hyperreactivity or postexercise respiratory symptoms (3, 7). Sec-
ond, inﬂammatory cells were not activated after exercise (7–9),
and ski asthma did not respond to inhaled steroids (10). Third,
in ovalbumin-sensitized mice, translocation of nuclear factor
(NF)-B in airway cells was lower in trained than in sedentary
animals (11). Therefore, training may blunt inﬂammatory activa-
tion in the airways (12), similar to the effects reported in the
systemic compartment (13, 14).
Inﬂammatory cell recruitment into large airways could be
triggered by damage of airway epithelium. In vitro, bronchial
epithelial cells (BECs) exposed to hyperosmolar medium or
cooling–rewarming released chemotactic factors (15, 16), sug-
gesting a role of BECs in the “proinﬂammatory” effects of exer-
cise (12). On the other hand, data obtained in vivo are variable.
In large airways of skiers, no clear evidence of epithelial damage
was reported despite evidence of remodeling (3). In marathon
runners and swimmers, BEC counts in induced sputum were
low at rest and after exercise (7, 8), but apoptosis of BECs
increased after a race (17). Only in rowers after supramaximal
exercise did BEC counts in induced sputum tend to increase
(9). Conversely, BEC damage occurred in horses after exercise
while breathing cold air (18), whereas repeated dry and cold air
challenges in dogs caused loss of ciliated epithelium and airway
remodeling (19). Thus, at present, no conclusions can be drawn,
although in vitro data support the possible involvement of BECs
in exercise-induced airway inﬂammation (15, 16).
Whether training affects small airway epithelium is unknown,
and such data may provide an insight into the pathophysiology
of exercise-induced airway changes and estimate the risk of long-
term respiratory effects of training. The aim of this study in
endurance-trained mice was to analyze BECs, the occurrence
of epithelial remodeling, and inﬂammatory cell inﬁltration, acti-
vation, and apoptosis in small airways. Some of the results of
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these studies have been previously reported in the form of ab-
stracts (20–22).
METHODS
Animals
Male Swiss mice (body weight, 38.0  3.8 g; 8 wk old) were maintained
in stainless steel wire cages at constant temperature (21  1C) and
humidity (60 5%) and a 12-hour light/dark schedule. Food and water
were freely available (23–26).
Exercise Training Protocol
Mice were randomly assigned to sedentary (n  14) or trained (n 
16) groups. Trainingwas performed in the same roomwhere the animals
were housed using a motorized rotor (Rota-Rod; Ugo Basile, Biological
Research Apparatus, Comerio, Varese, Italy), 5 days/week for 6 weeks
at progressively increasing loads (Table 1). Mice were killed (21) at
the following times: at 0 (n  5), 15 (n  2), 30 (n  2), and 45 days
(n  5) in sedentary animals; and at 15 (n  3), 30 (n  3), and 45
days (n  10) in trained animals. Blood was collected for lymphocyte
and neutrophil differential counts (4–5 smears/animal).
Tissue Preparation and Morphometric Analysis
Lungswere excised, ﬁxed in 4% formaldehyde, dehydrated, and embed-
ded in parafﬁn. Rehydrated sections were stained with hematoxylin–
eosin for morphometry. Airway images (20 and 40) were obtained
by a light microscope (Leitz Biomed; Leica, Cambridge, UK) and a
video recorder linked to a computerized image system (Quantimet 500
Image Processing and Analysis System, Qwin V0200B software; Leica).
On average, ﬁve airways per slide were counted (range, 2–7), and only
airways with a visible full perimeter were analyzed. Airway basement
membrane (BM) was traced, and airways with BM length of greater
than 1 mm were excluded from all analyses. Epithelial area (EA) was
measured as the region between BM and lumen, and thickness calcu-
lated as the EA/BM ratio. Ciliated and goblet cell counts were normal-
ized for BM length.
Skeletal Muscle after Training
Fiber diameter of the tibialis anterior muscle wasmeasured on formalin-
ﬁxed, parafﬁn-embedded, hematoxylin-and-eosin–stained sections by
a computerized image-processing system (Image Pro-plus Software;
Media Cybernetics, Silver Spring, MD) (27).
Immunohistochemistry
Monoclonal antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) were used to assess the following: leukocytes (anti-CD45), epi-
thelium proliferation (anti–proliferating cell nuclear antigen [anti-
PCNA]), and inﬂammatory activation (anti–NF-B subunit p65, anti–
phosphorylated inhibitor B	 [IB	] of NFB [anti-pIB	]). Sections
were deparafﬁnized, incubated with 0.1% trypsin in tris-buffered saline
(TBS), and stained with the respective primary antibody. Immunoreac-
tivity was revealed by the labeled streptavidin biotin alkaline–
phosphatase technique (Dako Cytomation, Glostrup, Denmark). Sec-
tions were counterstained with hematoxylin and blindly read by two
investigators (L.C., A.P.). Positive cells were expressed per micrometer
of BM. NF-B cells were expressed as percentage of total NF-B
cells. pIB	 cells were normalized for total IB	 cell counts. Alcian
blue–PAS staining was used to detect acid and neutral mucin production
in goblet cells (28).
TABLE 1. TRAINING PROTOCOL
Week Session Time (min) Rotations/min Length (m )
1 15 16 48
2 30 16 96
3 30 20 120
4 45 20 180
5 60 20 240
6 60 24 288
Detection of Apoptosis
Apoptosis was assessed in BECs and CD45 cells in situ by indirect
TUNEL (TdT-mediated ﬂuorescein-dUTP nick end labeling; In situ
Cell Death Detection kit; AP or POD-Roche Diagnostics, Basel, Swit-
zerland). All sections were lightly stained with hematoxylin and read
at 100magniﬁcation. Apoptotic BECs were expressed per micrometer
of BM. Apoptotic CD45 cells were expressed as a percentage of total
CD45 cells in the examined airway wall.
Statistical Analysis
Results are reported as mean  SD. Analysis of variance (ANOVA)
and Bonferroni’s correction for post hoc comparisons were used to test
for differences between sedentary and trained mice at different time
points. Time trends were assessed by linear regression (Statview 5.0.1;
SAS Institute, Inc., Cary, NC). Signiﬁcance was at p  0.05.
RESULTS
Systemic Effects of Training
At 45 days, body weight was lower in trained (44.1 7.1 g) than
in age-matched sedentary mice (48.4  1.9 g, p  0.05). For
muscle hypertrophy, mean ﬁber diameter of the tibialis anterior
muscle was signiﬁcantly (26%) greater in trained mice (results
already reported in Reference 27).
Damage, Proliferation, and Apoptosis of
Bronchiolar Epithelium
In sedentary control animals, no signiﬁcant difference was found
between Time 0 and subsequent time points for any variable,
and pooled data were used for comparisons versus trained mice.
Figures 1 and 2 show themorphologic data obtained in seden-
tary and 45-day–trainedmice. Figure 3 illustrates the time course
of the same variables as in Figures 1 and 2 during training.
The bronchiolar epithelium showed progressive changes during
training. At 45 days, the number of ciliated epithelial cells was
fourfold lower in trained (0.03  0.01 cells/
m BM) compared
with sedentary mice (0.12  0.02 cells/
m BM, p  0.0001)
(Figures 1A and 1B; Figure 3A). Total epithelial cell counts
were similar in sedentary and trained mice at all time points
(ANOVA), but cell counts in trained animals showed a weak
trend toward a progressive increase (R2  0.125, p  0.05; data
not shown).
At 45 days, epithelial thickness was 56% greater in trained
(EA/BM: 25.8  8.2 
m) than in sedentary mice (16.5  4.1

m, p  0.0003) (Figures 1C and 1D; Figure 3B), and apoptosis
of BECs almost doubled (0.08  0.01 cells/
m BM in trained
mice vs. 0.05  0.01 cells/
m BM in sedentary controls, p 
0.0001) (Figures 2A and 2B; Figure 3C). Bronchiolar epithelium
showed a ﬁvefold increase in the number of proliferating cells
(0.063  0.041 cells/
m BM) compared with sedentary animals
(0.013 0.011 cells/
m BM, p 0.001), suggesting active repair
(Figures 2C and 2D; Figure 3D).
Goblet cell counts were unaffected by training (graph in Fig-
ure 4). Alcian blue-PAS staining was negative at all time points
in both sedentary and trained mice, indicating no shift toward
acid or neutral mucin production during training (Figures 4A
and 4B).
Inflammatory Cells
No difference was found between trained and sedentary mice
in blood lymphocyte and neutrophil differential counts at any
time point (27). In bronchioles of mice trained for 45 days,
leukocyte counts were ﬁvefold higher than in sedentary control
animals in both wall (trained: 0.071  0.006 CD45 cells/
m
BM; sedentary: 0.014  0.001 CD45 cells/
m BM, p  0.0001;
Figures 5A and 5B) and lumen (trained: 0.010  0.005 CD45
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Figure 1. Hematoxylin–eosin
staining (original magnifica-
tion, 40) of bronchiolar trans-
verse sections (A–D ). Quantita-
tive data analysis is shown in
the bar graphs on the right
(mean  SD of three experi-
ments; *p  0.001 between
sedentary and trained groups).
Bronchiolar epithelium showed
a normal appearance in seden-
tarymice (AandC ),whereas loss
of cilia (B and upper bar graph)
and increased epithelium thick-
ness (D and lower bar graph)
were evident in 45-day–trained
mice.
cells/
m BM; sedentary: 0.002  0.001 CD45 cells/
m BM;
p  0.001). Absolute CD45 cells counts in lumen, however,
were much lower than in the airway wall (Figures 5C and 5D).
The time course of CD45 cell counts and apoptosis is shown
in Figure 6: CD45 cells progressively increased both in bronchi-
olar wall and lumen, but the percentage of apoptotic CD45
Figure 2. Immunohistochemical staining (original magnification, 40) of bronchiolar epithelial cells for apoptosis (TdT-mediated fluorescein-dUTP
nick end labeling [TUNEL]; A and B ) and proliferation (proliferating cell nuclear antigen [PCNA]; C and D ). Quantitative data analysis is shown in
the bar graphs on the right (mean  SD of three experiments; *p  0.001 between sedentary and trained groups). Sedentary mice showed normal
bronchiolar epithelium (A and C ), whereas 45-day–trained mice showed increased apoptosis (arrows in B and upper bar graph) and proliferation
(arrows in D, and lower bar graph).
cells did not change over time and remained similar to that of
sedentary animals.
Markers of Inflammatory Activation
NF-B translocation and IB	 phosphorylation, both as mark-
ers of inﬂammatory activation in the airways, were assessed in
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Figure 3. Time course of epithelial changes
during training. Ciliated cells progressively de-
creased (A ), whereas mean epithelial thickness
(B ), and epithelial apoptosis (C ) and prolifera-
tion (D ) increased as training duration in-
creased. All regressions were significant at p
0.05. BM  basement membrane.
Figure 4. Alcian blue–periodic
acid-Schiff staining of bronchi-
oles was negative in both sed-
entary (A ) and 45-day–trained
(B )mice. The graphon the right
shows goblet cell counts ob-
tained at different time points
during the protocol: sedentary
and trained mice showed simi-
lar results at all times.
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Figure 5. Immunohistochemistry for in-
flammatory (CD45) cell infiltration in
small airways. In lung sections from sed-
entary (A and C; original magnification,
20 and 40, respectively) and trained
mice (B and D; original magnification,
20 and 40, respectively), CD45 cells
can be identified in the bronchiolar walls
(B, large arrow) and the luminal side (D,
small arrows). Bar graphs show the quanti-
tative analysis (mean  SD of three inde-
pendent experiments; *p  0.0001 be-
tween sedentary and 45-d–trained mice)
of CD45 cells in airway wall (left graph)
and airway lumen (middle graph). The
percentage of apoptotic CD45 cells (TU-
NEL assay) was similar in sedentary and
45-day–trainedmice (right graph, not sig-
nificant [NS]).
sedentary and trained mice by immunohistochemistry. At all
time points, training did not signiﬁcantly affect translocation of
the NF-B subunit p65 (Figure 7, left) or phosphorylation of
IB	 (Figure 7, right) in small airways.
DISCUSSION
Although previous studies have shown increased inﬂammatory
cells in large airways of endurance athletes (1–9), little is known
regarding small airway cells after training. To ﬁll this gap, we
have trained normal mice according to a low–moderate intensity
protocol to study the effects of training on small airways, with
a focus on epithelial and inﬂammatory cells in bronchiolar wall
and lumen. Training for 45 days caused progressive damage,
apoptosis, and proliferation of bronchiolar epithelium, associ-
ated with leukocyte inﬂux into airway wall and lumen. Goblet
cells or apoptosis of leukocytes were unaffected by training.
Markers of inﬂammatory activation, such as translocation of
NF-B into the nucleus of inﬂammatory cells, or phosphorylation
of theNF-B inhibitor IB	, were not increased in airway leuko-
cytes of trained animals. Therefore, endurance training caused
epithelial damage and repair, but did not appear to be a powerful
proinﬂammatory stimulus, which is in agreement with previous
studies (7–9, 12).
The effects of exercise training on small airways have not
been studied in detail. In humans, such data are hard to obtain,
due to the need to use invasive methods. In addition, studies in
animals have mainly tested the hypothesis that exposure to cold
and dry air affected bronchial epithelium, either at rest (dog
[19]) or during exercise (horse [18]). Such data do not allow
inferences about the effects of exercise training per se on small
airway cells. Pastva and coworkers examined the effects of train-
ing in a model of bronchial asthma, and reported a dramatic
improvement in airway inﬂammation in ovalbumin-sensitized
mice undergoing an endurance protocol (11). This study, how-
ever, only partly reported the ﬁndings obtained in nonsensitized
sedentary and trained groups.
The novel ﬁnding of our study in normalmice is that bronchio-
lar epithelium showed progressive decrease in the number of
ciliated cells during low- to moderate-intensity training, together
with evidence of active repair, indicated by the increase in epithe-
lial thickness and proliferation. Epithelial damage in trained
mice was associated with increased apoptosis of BECs. Prelimi-
nary data obtained in nonasthmatic runners within 24 hours
after a running race also showed increased apoptosis of BECs
compared with resting conditions (17). Epithelial proliferation
also occurred, as shown by analysis of PCNA, a protein synthe-
sized in early G1 and S phases functioning in cell cycle progres-
sion, andDNA replication/repair (29, 30). Because translocation
of NF-B in bronchiolar epithelium did not differ between sed-
entary and trainedmice, increased apoptosis of BECs after train-
ing appeared to reﬂect damage rather than a mechanism limiting
inﬂammatory activation (31, 32). Overall, the data suggest that
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Figure 6. Time course of CD45 cell counts in bronchiolar wall (A ),
and lumen (B ) and percentage of apoptotic cells (C ) during training.
CD45 cells increased in both airwaywall and lumen as training duration
increased (p  0.05 for both). Apoptotic CD45 cells as a fraction of
total CD45 cells were not affected by training (NS).
habitual exercise at incremental loads may increase epithelial
turnover in bronchioles.
Remodeling is an alteration in the size, mass, or number of
tissue structural components that occurs during growth or in
response to injury and/or inﬂammation. Injury to epithelial sur-
face is normally accompanied bymitotic activity of the remaining
cells and rapid restoration of the denuded surface (33). Evidence
of exercise-induced airway remodeling similar to that seen in
asthma has been demonstrated in skiers (3) and in dogs exercis-
ing in cold weather (6). Our data are in line with these results.
The changes observed in trained mice were similar to the epithe-
lial damage described in horses after exercise while breathing
cold and dry air (18) and in dogs challenged at rest with dry air
Figure 7. No significant difference was found between
sedentary and trainedmice in the number of cells showing
nuclear factor (NF)-B translocation (left) or IB	 phos-
phorylation (right). Themeans of three independent exper-
iments at each time point are shown.
insufﬂation in a pulmonary segment (19). To the best of our
knowledge, our study is the ﬁrst to show changes in airway
cells suggestive of airway remodeling together with evidence of
training effects (i.e., lower body weight and increased muscle
mass in trained vs. sedentary mice).
Regarding the mechanism(s) involved in the pathogenesis of
epithelial changes, intense exercise hyperpnea can affect airway
epithelium by causing changes in viscosity, tonicity, or amount
of the airway lining ﬂuid (34). It is also possible that high airﬂows
during exercise may cause epithelial shear stress, although this
hypothesis is little considered in the current literature on the
effects of exercise on airway cells (35). Structure, function, and
metabolism of lung cells are inﬂuenced by physical forces (36,
37), and inappropriate physical forces, such as mechanical venti-
lation in an inhomogeneous lung, may induce lung injury (38,
39). We speculate that a similar mechanism may be operating
at the small airway level, because repeated stretching of BECs
in vitro under conditions of mild hyperosmolar exposure caused
IL-8 release (M.R.B., unpublished data). After all-out rowing,
which requires very high ventilation, BECs in induced sputum
tended to increase, suggesting a potential link between maximal
airﬂows or increased airway stretch during exercise and epithelial
damage (9).
Our experiments were not designed to assess whether training
may modulate bronchial responsiveness. The mild increase in
load during training makes an increase in airway responsiveness
unlikely, because bronchial hyperreactivity in nonasthmatic hu-
man athletes tends to be associated with very intense and com-
petitive training. In nonasthmatic amateur runners, the response
to methacholine in the absence of deep breaths at rest was
actually lower than in matched sedentary control subjects, and
decreased further after a marathon race (40). Therefore, in addi-
tion to inducing bronchoconstriction, endurance exercise may
also decrease bronchial responsiveness, possibly by a remodeling
effect on airway smooth muscle (40).
Trained mice showed increased leukocyte inﬁltrate in bron-
chiolar walls, in line with the ﬁndings obtained in samples from
large airways in human athletes of different disciplines (1–9).
We speculate that exercise may cause inﬂux of inﬂammatory
cells into the airways secondary to epithelial changes. BECs
might be affected by osmotic changes or cooling–rewarming
during exercise, and trigger an inﬂammatory cascade by increas-
ing the expression of chemotactic factors, such as IL-8 and
RANTES (regulated upon activation, normal T-cell expressed
and secreted), which contribute to the recruitment of inﬂamma-
tory cells into airways (15, 16). However, the increase in inﬂam-
matory cells in the lumen could also represent a relevant mecha-
nism to limit inﬂammation. During an inﬂammatory event,
excessive accumulation of leukocytes can be prevented by a ﬁne
balance of immune cell recruitment and removal in the damaged
tissue. Apoptosis is a mechanism that is potentially useful in
removing granulocytes during inﬂammation (41, 42), but apopto-
sis of CD45 cells was similar in trained and sedentary mice.
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Therefore, leukocyte inﬂux into the lumen could be interpreted
as contributing to inﬂammatory cell elimination, similar to other
diseases characterized by leukocyte migration and accumulation
within the lumen (43, 44). We speculate that transepithelial mi-
gration may be a highly efﬁcient mechanism, alternative to apo-
ptosis, for clearance of mucosal granulocytes (43, 45).
Increased inﬂammatory cells in induced sputum of athletes
showed no evidence of activation at rest or after exercise, sug-
gesting a state of “frustrated” inﬂammation in the conducting
airways (12). Goblet cells in bronchioles of our trained mice
were negative using Alcian-PAS staining, in line with the lack
of evidence of inﬂammatory activation. In ovalbumin-sensitized
mice, PAS-positive cells were increased compared with control
animals, but decreased after training (11). Because NF-B is a
major transcription factor for many inﬂammatory mediators, we
evaluated whether the NF-B pathway might be affected by
exercise training. In nonstimulated cells, the heterodimeric
NF-B complexes are sequestered in the cytoplasm by the inhibi-
tory proteins of the IB family, including IB	 (46, 47). In
response to a large variety of stimuli, IB	 is rapidly phosphory-
lated and degraded, allowing NF-Bnuclear translocation, DNA
binding, and transcription of target genes (48, 49). Training did
not increase translocation of the NF-B subunit p65 or IB	
phosphorylation, suggesting blunted or absent activation of in-
ﬂammatory cells in small airways of trained mice. This ﬁnding
conﬁrms the data by Pastva and coworkers (11) in nonsensitized
mice, who showed that IB	 phosphorylation was lower in
trained compared with sedentary animals. Overall, an increase
in the number of inﬂammatory cells without activation suggests
that the observed “inﬂammation” might represent a training
adaptation, not necessarily implying detrimental effects for respi-
ratory health. In the systemic compartment, inﬂammatory activa-
tion also appears tightly regulated (13), and decreased progres-
sively during training (14).
Our study has some limitations. First, we did not address
whether the reported changes were reversible after interruption
of training. This is a relevant clinical question for both healthy
subjects and patients undergoing rehabilitation programs. In par-
ticular, further studies should address the issue of a possible
intensity/duration threshold of exercise beyond which exercise-
induced airway changes may be detrimental and/or irreversible.
Second, analysis of large airway epithelium, complete character-
ization of CD45 cells, and bronchoalveolar lavage ﬂuid were
not obtained in our study. Finally, physiologic measurements,
such as oxygen consumption or bronchial reactivity, were not
obtained, and the effects of training were estimated based on
skeletal muscle hypertrophy. Accurate dose–response relation-
ships between amount/intensity of training and morphologic/
functional changes in small airways deserve further study.
In conclusion, mild- tomoderate-intensity endurance training
under standard conditions caused loss of ciliated epithelial cells,
increased apoptosis, and active repair of bronchial epithelium
in the small airways. Inﬂammatory cells increased in number, but
did not appear activated after training, similar to data obtained
in induced sputum samples from human athletes. Leukocyte
apoptosis was unaffected by training, suggesting that migration
into the airway lumen might be the preferential mechanism for
clearance of mucosal inﬂammatory cells. These training-induced
changes may represent a physiologic adaptive response to in-
creased ventilation during exercise, but further studies are neces-
sary to assess the threshold for their appearance, their reversibil-
ity when training is interrupted, and the potential consequences
on respiratory health.
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